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Abstract— Dipole magnets with fields beyond 16T will require
superconducting coils that are at least 40 mm thickan applied
pres-stress around 150 MPa and a protection schenfer stored
energy in the range of 1-2 MJ/m. The coil size wilhave a direct
impact on the overall magnet cost and the stored engy will raise
new questions on protection. To reduce coil size dnminimize
risk, the coil may have to be graded. Grading is ddeved by
splitting the coil into several layers with current densities that
match the short sample field in each layer. Gradingespecially at
high fields, can be effective; however it will alsgignificantly raise
the stress. In this paper we report on the resultef a study on the
coil size and field relation to that of the stressind stored energy.
We then extend the results to graded coils and atigt to address
high stress issues and ways to reduce it.
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|I. INTRODUCTION

hen the LHC pushed NbTi conductor closer to ithhig

field limit, the 56 mm bore dipoles reach 9.7 T1& K,
and a stored energy of 334 kJ/m (per bore) [1].1&épg the
cable in that magnet with identical sizesSh conductor (31.3
mm of overall coil thickness) would raise the fi¢td15.3 T,
the stored energy to 900 kJ/m, and the Lorentzstimm 88
MPa to 220 MPa. If we farther grade the coil (20u3 layer 1
and 11.0 mm layer 2) the central field will increas 16.2 T,
the Lorentz stress in layers 1 and 2 will incremss202 MPa
and 377 MPa respectively, and the stored enerdyingilease
to 1.14 MJ/m. (we assume a J8im wire carrying 3000 A/mm

Il. DIPOLE MODEL

A. Model Description

To study the limits of superconducting dipole magneve
formulated a simple but realistic model based owersd
assumptions: 1) the bore is round and the coil ithiek
cylinder (Fig 1); 2) the engineering current denstequal to
Jcosd and the field is therefore a pure dipole; 3) theddf
magnitude in the bore and along the conductor isndace is
identical; 4) the short-sample current density ihe t
superconductor]is and the engineering current densiys
(obtained by averaginds over copper, insulation, and voids)
are a function of fieldB and temperaturd; 5) the coil is
initially not graded (section Il) followed by gratlecoils
(section 1l1); 6) there is no ferromagnetic mateni@arby.
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Fig. 1. A pure dipole with &cosé current density.

at 12 T, 4.2 K in the non-copper with a 50% reduced

engineering current density).

This comparison between NbTi and 4Sb conductors
points out both the promise and the challenge fgh field
magnets. Accelerator magnets can not be treated‘@se-of-
a-kind” magnet; their cost must be at a minimum &hne
reliability high. Pushing the limits on high fiekbs;Sn magnets
requires the best superconductor, a reasonablyl| ssizd
magnet, and a compact structure. In this paperddeeas the

We summarized our previous work on none-gradeds coil
[2]. A simple relation exists between the centrigdote field
By, the engineering current density and the coil thickness

[3]:

If we extend the engineering current denslfyup to the

relations between field, coil size, bore diamewress and short-sample current density limlis, the field will reach its
stored energy, and we then extend them to gradéld caorresponding short-sample valBg. By applying Summer’s

pointing out areas where we presently meet thelesige and empirical short-sample relation [4] to the aboveiaipn, we
areas that will require further R&D. obtain
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The parametric analysis assumes the best comnigrcial The cost of the coil is proportional to its are&jah is given

available superconductor (B8n with 3000 A/mrhat 12 T
and 4.2 K) and a Rutherford cable with 50 % nonpewpa 12
% void fraction and an 11 % insulation fractiong(R2).
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Fig. 2. Short-samplels and engineering current densifiyss of NbsSn
superconductor.
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B. Parametric dependencies
1) Coil Thickness

The coil thicknessvg at short-sample is plotted in Fig. 3 for

two different operating temperatures. We note thai,.9 K, a
7 mm thick coil is sufficient to generate a 10 &ldi, and a 100
mm thick coil will be needed for a 19 T field. Op8ng at 1.9
K requires significantly less conductor than at &2 an

advantage that becomes even more significant adfidtok

approaches 20 T.
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Fig. 3. Coil thickness of Nj$n dipole magnets at short-sample.
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2) Bore Diameter and Cost
Since the field depends on the coil thickness aridon the
bore diameter, we may claim that a dipole with eoZeore
diameter has the same field as a coil with any d@ameter, as
long as the caoil thickness is constant. This giuss the
opportunity to separate the cost of the field fithia cost of the
bore.

by zw? + 22wR, (wherew is the coil thickness, an, is the
bore radius). We associate the first term withahea of a no
bore coil, and the second term with an additionegaa
representing the contribution of a bore. Accordinghe cost
of the field is proportional t@?, but the additional cost of the
bore is linearly proportional to the bore diamefesr example
at high fields (18 T), doubling the bore diametemi 25 mm
to 50 mm increases the amount of conductor by 2a196. We
conclude that at very high fields, the effect ok thore
diameter on the overall cost of the conductor isan{grading
will be addressed in the following section).
3) Lorentz Sress

The azimuthal Lorentz stress in @sé dipole is the
integrated azimuthal Lorentz force with respectimo shear)
[5]. Expressed as

2 3
o, =@L(R2 —iz—gr)cos2 0,
2 2 3 3

the stress exhibits a maximum along the coil mahpl @ =
0), at a radius nearly two thirds of the coil thieks (setting
0ce/or = 0 and solving the cubic relation i

If we apply the short-sample field, coil thicknesgs, and a
given bore diamete® to the above equation, we arrive at the
maximum short-sample StreSgmax.ss (Fig. 4).
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Fig. 4. Maximum azimuthal Lorentz stress as a fioncof the short-sample
field at 1.9 K, and the bore diameter in mm.

The zero bore solution is a monotonic increasimgtion of
the field and is at the minimum for any bore disnett that
field. Surprisingly, for certain conditions the niraxm stress
decreases as the short-sample field increases.hé\sfigld
increases, so do coil thicknesg and Lorentz force; however,
the rate of increased coil thickness is greatem thiae
corresponding Lorentz force, thereby reducing ttness. At
high fields the coil thickness dominates and theesst
asymptotically approaches that for a zero boretisoiuequal
0 Cpmaxss = (35552)/(8“0).

4) Sored Energy

The stored energl of a dipole increases quadratically with

field B, bore radiugR;, and coil thicknesw:
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Fig. 5 is a log plot of the short-sample storedrgné& for

a number of different bore diameters, includingeeozbore.
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Fig. 5. Short-sample stored energy in dipoles .t K for various bore
diameters.

As for the stress, we can associate the energyef@bore
diameter with the term outside the square bracketshe
formula above, and the terms within the bracket aams
additional bore contribution. At high fields, whehe coil
thicknessw increases, the additional contribution of bore
diameter to the stored energy becomes less efteetid the
stored energy asymptotically approaches that efra ore.

If we focus on the curves representing a bore dianwdoser
to the LHC dipole (50-60 mm), we notice that at T%he
stored energy is close to 1 MJ/m) reaching 7 MY/&0ar .

Ill. GRADED CoOILS

A. Model Description

Grading the coil can effectively reduce overalksizhile the
field remains the same. Grading takes advantagieeodirop in
field within the coil in order to raise the curredénsity in
several discrete outer layers, thus matching tiagi.drhat way
the superconductor can reach its short-sample sinedusly
throughout the cross-section, thereby reducingttezall size.

1) Coil Thickness

Grading significantly impacts the coil thicknespesally at
high field: for example, at 16 T a two layer graded reduces
its thickness by 23%. That number increases to a2%8 T
and 42% at 20 T (Fig. 6). Increasing the numbegraided
coils from 2 to 4 reduces the overall coil thickhdsy an
additional 10%. Fig. 7-9 show the relation betwesmil
thickness, current density and field at the commlues a
function of the dipole field of a 50 mm bore magnet

2) Bore Diameter

Whereas in a non-graded magnet the coil thickness dot
depends on the bore diameter that is no longerftnugraded
coils. The overall coil thickness of a graded dondreases by

5% for an increase of bore diameter from a 30 m&0tonm.
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Fig. 6. Reduction in coil thickness of a 2 layrda 4 layer graded magnet at
short-sample (1.9 K).
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Fig. 7. Incremental layer thickness of a 4 layeadgd coil 50 mm bore

magnet (1.9 K).
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Fig. 8. Engineering current density of a 4 layexdgd 50 mm bore magnet
(1.9 K).
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Fig. 9. Field in the conductor of each layer of tayer graded magnet (50
mm bore, 1.9 K).

3) Lorentz Sress

Grading reduces the coil thickness at the experisano
increase in conductor stress. At 18 T (1.9 K) grgdwill
reduce the colil thickness from 72 mm to 49 mm, bug 56
mm bore diameter, the maximum stress will rise fiofd MPa
to an unacceptable level of 380 MPa (Fig. 10,1lhc&
reducing the coil thickness has a major impactestucing the
magnet cost, we are left with an important R&D éssun how
to bring down the stresses. Reducing the stressighrstress
management should be confined to the second Idyartwo
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Fig. 11. Maximum stress in a graded (2 layers) more graded magnet (50
mm bore, 1.9 K).

4) Sored Energy
Grading has only a small affect on the stored gnekg18 T
the stored energy of a 50 mm bore magnet is 1.9mVa)/
decrease of 10 % from the 2.17 MJ/m none gradedhetag

(Fig. 5).

IV. CONCLUSION
The following conclusions, regarding minimum coizes

layer graded magnet thereby maintaining overall hhigCoil stress, and magnet stored energy, can be draughing

engineering current density.
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Fig. 10. Grading an 18 T dipole reduces the duaitkness but raises the
stress (56 mm bord,= 1.9 K).
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The formulas for the mid-plane Lorentz stress inwa
layers graded magnet with current densitigsand J, are
written below,
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dipole fields to 18 T at 1.9K in a 50 mm bore wotgdjuire a
72 mm thick none-graded coil, the Lorentz stressldvbe 170
MPa and the stored energy 1.8 MJ/m.

Grading the same coil into two layers will redulse bverall
coil thickness to 49 mm, reduce the Lorentz stiesayer one
(31 mm thick) to 160 MPa, increase the Lorentzsstia layer
2 (18 mm thick) to 380 MPa and reduce the storesfggnto
1.9 MJ/m.

At very high fields, the effect of bore size on dantor
amount, peak stress, and the stored energy is.small

Grading the coils reduces the overall thicknessthat
expense of higher stress. Assuming we are at treiss limit
(150-200 MPa), new designs will have to be develotieat
intercept the Lorentz forces. However we need taveare that
stress management reduces not just the stresghéutoils
current density as well. Stress management of ther dayer
only is a good way to keep the current density laigt reduce
the stress.
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